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Abstract

Anopheles stephensi is the main urban mosquito vector of malaria in the Indian subcontinent, and belongs to the same subgenus
as Anopheles gambiae, the main malaria vector in Africa. Recently the genome and proteome seis. @fambiae have been
described, as well as several protein sequences expressed in its salivary glands, some of which had their expression confirmed by
amino terminal sequencing. In this paper, we randomly sequenced a full-length cDNA libr#uy. sfephensi and performed
Edman degradation of polyvinylidene difluoride (PVDF)-transferred protein bands from salivary homogenates. Twelve of 13 proteins
found by aminoterminal degradation were found among the cDNA clusters of the library. Thirty-three full-length novel cDNA
sequences are reported, including a novel secreted galectin; the homologue of anophelin, a thrombin inhibitor; a novel
trypsin/chymotrypsin inhibitor; an apyrase; a lipase; and several new members of the D7 protein family. Most of the novel proteins
have no known function. Comparison of the putatively secreted and putatively housekeeping profmstephensi with An.
gambiae proteins indicated that the salivary gland proteins are at a faster evolutionary pace. The possible role of these proteins in
blood and sugar feeding by the mosquito is discussed. The electronic tables and supplemental material are available at
http://www.ncbi.nIm.nih.gov/projects/Mosquito/Atephensisialome/
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1. Introduction been done wittDrosophila for many years Ashburner
et al., 1998. Additionally, the genome oAn. gambiae
Anopheles stephensi is the main urban malaria vector is nearly fully sequencedHplt et al., 2002, providing
in India (Hati, 1997, belonging to the same (Celia) an unprecedented opportunity to study and compare the
subgenus as the most efficient African vectamppheles evolution of blood feeding in the Dipteranopheles and
gambiae. An. stephensi is susceptible both to human and Drosophila (Zdobnov et al., 200R Evolution to blood
to rodent malaria species such Rlssmodium berghei; feeding involves, among other issues, the ability to
for this reason, it is used widely as a laboratory model obtain blood from a vertebrate host, an adaptation pro-
of Plasmodium development in its vector. Recently, vided in part by the evolution of several salivary proteins
transformation of both mosquito species has beenthat prevent vertebrate haemostasis, such as inhibitors of
accomplished, allowing experimental manipulation of the clotting cascade, platelet aggregation, and vaso-
gene expression in these mosquito€st(eruccia et al.,  dilators or inhibitors of vasoconstricting substances
2000; Grossman et al., 2001; Nolan et al., 20@3 has  (Ribeiro, 199%. While identification of unique (e.g. not
found in Drosophila) salivary proteins fromAnopheles
provides a clue to the evolution of blood feeding on a
“ Corresponding author. Tel#1-301-496-3066; fax+1-301-402-  CO@rSe scale, comparison Af. gambiae and An. ste-
4941, phensi salivary products may provide clues on a finer
E-mail address: jribeiro@nih.gov (J.M.C. Ribeiro). scale.
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We have recently initiated a program outlining the sia-
lome (set of message + proteins) of blood-sucking
insects and ticks (Francischetti et al., 2002c; Vaenzuela
et a., 2002b; Valenzuela et al., 2002c). While these pro-
jects are descriptive in nature, they also generate hypoth-
eses on the evolution of blood feeding in general and in
the discovery of novel anti-hemostatic substances. Here
we describe the sidlome of An. stephensi and compare
it with those of other mosquitoes and sand flies. Full-
length cDNA information is presented for 33 novel sali-
vary proteins of thisinsect. Results indicate that salivary
proteins are under intense selection and can be used as
robust markersfor closely related species. Roles are pro-
posed for some of the transcripts in blood feeding.

2. Materials and methods
2.1. Mosquitoes

Adult female An. stephensi, NIH strain, were dissected
to remove the salivary glands, which were then used to
make a PCR-based cDNA library using the Micro-Fast-
Track mRNA isolation kit (Invitrogen, Carlsbad, CA)
and the SMARTO cDNA library construction kit (BD
Biosciences, Clontech, Palo Alto, CA) exactly as
described (Francischetti et al., 2002c). Eighty pairs of
salivary glands were used for the library.

2.2. SDSPAGE

Sodium dodecyl sulfate polyacrylamide electro-
phoresis (SDS-PAGE) of 20 pairs of homogenized sali-
vary glands of An. stephensi adult females was done
using 1-mm thick NU-PAGE 4 to 12% gels (Invitrogen).
Gels were run with MES buffer according to the manu-
facturer’s instructions. The membrane was stained with
Coomassie blue in the absence of acetic acid. Stained
bands (including a negative stained band) were cut from
the PVDF membrane and subjected to Edman degra-
dation using a Procise sequencer (Perkin-Elmer, Foster
City, CA). More details can be obtained in a previous
publication (Francischetti et al., 2002c). To find the
cDNA sequences corresponding to the amino acid
sequence—obtained by Edman degradation of the pro-
teins transferred to PVDF membranes from PAGE
gels—we wrote a search program (in Visua Basic) that
checked these amino acid sequences against the three
possible protein translations of each cDNA sequence
obtained in the mass sequencing project. For details, see
Valenzuela et a., 2002c.

2.3. cDNA sequence clustering

Other procedures were as in Francischetti et al.
(2002c) and in Vaenzuela et al. (2002c), except that

clustering of the cDNA sequences was accomplished
using the CAP program (Huang, 1992). Accession num-
bers for the National Center for Biology Information
(NCBI) databases are given, as recommended by NCBI,
as gilXXXX, where XXXX is the accession number.
Accession numbers for sequences originating from the
An. gambiae proteome (Holt et al., 2002) are given as
agCPH#H or ebi#tH, where #### corresponds to the ref-
erenced gene product. BLAST searches were done
locally from executables obtained at the NCBI FTP site
(ftp://ftp.nchi.nih.gov/blast/executables/) (Altschul et al.,
1997). The electronic version of the complete tables
(Microsoft Excel format) with hyperlinks to web-based
databases and to BLAST results are available at http://
www.nchi.nlm.nih.gov/projects/Mosquito/A_stephensi
sialome/.

3. Results and discussion
3.1. Organisation of transcriptome information

To obtain insight on the salivary transcriptome of An.
stephensi adult female mosquitoes, we randomly
sequenced 1127 cDNA inserts from a salivary gland
cDNA library from this insect and organised these into
362 clusters of related sequences assembled by the CAP
program (Huang, 1992). Using the BLAST package of
programs (Altschul et al., 1997), we compared sequences
for each cluster in the database with the non-redundant
protein and nucleotide sets of the NCBI and Gene
Ontology databases (Ashburner et al., 2000; Hvidsten et
al., 2001; Lewis et al., 2000). Translated sequences were
also screened with RPSBIlast for protein motifs of the
combined set of Pfam (Bateman et a., 2000) and
SMART (Schultz et al., 2000) databases (also known as
the Conserved Domains Database (CDD)). The
sequences were also compared with the proteome set of
the closely related mosquito An. gambiae (available for
FTP download at NCBI and other sites). O-glycosylation
sites on the predicted proteins were obtained with the
program NetOGlyc (http://www.cbs.dtu.dk/services/
NetOGlyc/) (Hansen et a., 1998). Finally, we submitted
all trandated sequences (starting with a Met) to the Sig-
nal P server (Nielsen et al., 1997) to detect signal pep-
tides indicative of secretion. With this information, the
clustered database was annotated and classified into
three categories of clusters. S, those associated with
possibly secreted products; H, those possibly associated
with housekeeping functions; and U, those of unknown
function. Accordingly, 164 cDNA clusters containing a
total of 258 sequences (23% of the transcriptome) were
classified as being associated with products of category
H (Fig. 1). These clusters have an average of 1.58
sequences per cluster. This contrasts with the 74 clusters
containing 726 sequences (64% of the transcriptome)
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Fig. 1. The percentage of cDNA clusters (left) or sequences (right)
derived from 1125 random sequences from a sdivary gland cDNA
library from the mosquito An. stephensi and classified as probably
associated with either housekeeping, secretory, or unknown functions.
The numbers indicate the percentage of each class of cluster or
sequence.

classified as category S and providing an average of 9.93
sequences per cluster. These results of average cluster
size are very different from one another (P < 0.01, X?
test), and were observed also in other transcriptome
analysis of salivary glands in Ae. aegypti, An. gambiae
and Ixodes scapularis (Francischetti et a., 2002c; Valen-
zuela et a., 2002b; Vaenzuela et a., 2002c). Finaly,
141 sequences (12.5% of the transcriptome) in 123 clus-
ters were classified as being in category U.

3.2. Preliminary characterisation of the salivary
proteome of An. stephensi

In parallel to the organisation of the salivary gland
transcriptome of An. stephensi, we sought to obtain
information on the most abundant proteinsin the salivary
glands of An. stephensi. For this purpose, salivary gland
homogenates of 20 pairs of glands were separated by
SDS-PAGE, the protein transferred to a PVDF mem-
brane, and the stained bands submitted to Edman degra-
dation. Thirteen bands yielded useful information, 12 of
which could be assigned to predicted sequences from
our cluster database (Fig. 2). Other bands did not yield
information, either because they were blocked at their
aminoterminal, or because of the low signal. The 12
clusters associated with the observed Edman degradation
results had between two and 55 sequences, with an aver-
age of 20.1 sequences per cluster—twice the average of
the clusters in the S group. This result indicates that the
quantity of proteins correlated with the message abun-
dance.

The aminoterminal sequences, and the proteins they
might represent, are described here in relationship to the
description of the transcriptome.

3.3. Description of S category clusters

Table 1 summarises the 73 S category clusters of
sequences. These clusters represent from 1 to 83 cDNA
sequences each and belong to well-known families of
proteins, although some do not have known function.

3.3.1. Mucins

The most abundant cluster codes for a protein having
a Pfam domain of syndecan and a signal peptide indica-
tive of secretion. Four other clusters were also tentatively
assigned to be coding for mucin-like proteins (Table 1).
Syndecans are threonine- and serine-rich transmembrane
heparin sulfate proteoglycans implicated in the binding
of extracellular matrix components and growth factors.
The full-length sequence of a clone from this cluster is
described in Table 2 as As—SG3. It codes for a protein
61% identical to An. gambiae SG3 protein and has
repeats of TTTEEA in its carboxytermina region
responsible for the similarity to the syndecan Pfam
domain, which displays triplets of Thr followed by nega-
tively charged amino acids. Forty-six As—SG3 Thr and
Ser residues are predicted to be O-glycosylated (Hansen
et a., 1998). Similarly, cluster 65 (Table 1), with two
sequences, may represent truncated versions of As—
SG3, as it produces similarity matches by blastx to the
carboxyterminal region of An. gambiae SG3 protein.
Alternatively, it may represent an additional mucin simi-
lar to SG3. An additional abundant cluster (cluster 18,
with 16 clones) codes for another protein similar to
mucins. The full-length sequence yields the predicted
protein named As—hyp13.5 (Table 2), with 55 predicted
sites of O-glycosylation on both Ser and Thr residues.
Two additional clusters may code for mucins—the
singletons from clusters 140 and 293 (Table 1). Cluster
140 codes for a Thr-rich putative protein, and cluster
293 codes for the putative mucin As—hipl3.4 (Table
2), which has 16 predicted O-glycosylation sites. These
molecules could function as salivary mucins, helping to
lubricate the salivary canal, but may also have additional
activities, such as modulation of macrophages, as is the
case with surface mucins of Trypanosoma cruz (Acosta-
Serrano et a., 2001; Ropert et al., 2002).

3.3.2. D7 proteins

D7 proteins, first described in Ae. aegypti salivary
glands (James et a., 1991), are a unique family of pro-
teins distantly related to odorant-binding proteins
(Hekmat-Scafe et al., 2000) and found in the salivary
glands of sand flies and mosquitoes (Vaenzuela et d.,
2002a). Two types of D7 proteins have been described:
long D7 (28-30 kDa) found in both mosquitoes and sand
flies, and short D7 (1520 kDa) found so far only in
mosquitoes (Arca et al., 1999; Valenzuela et al., 20024).
Seven members from the D7 family of proteins are
reported on the NCBI database for An. stephensi, includ-
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Fig. 2. Coomassie blue-stained PVDF membrane resulting from transfer of SDS-PAGE of 20 pairs of homogenized glands of adult female An.
stephensi. Molecular weight markers are shown on the left side, as are the amino acid sequences obtained by Edman degradation for each band.
The right side of the figure indicates the cluster of cDNA sequences where a match was found and the number of sequences. The band labeled
ADDTS... corresponds to a negatively stained band that does not show well in the figure.

ing hamadarin, recently characterised as an inhibitor of
Factor X1 (Isawaet al., 2002). Table 1 indicates 10 clus-
ters coding for proteins of the D7 family (Table 1). Table
2 describes three additional putative members of the D7
proteins, all belonging to the short form. As—D7B has
71% identity to the previously reported long-form
D7clu2 salivary protein (gi|16225974) and 31% identity
to the long D7 protein of Ae. aegypti (gi|159559) (James
et al., 1991); however, a clear series of stop codons and
polyA tail are found in the transcript, producing a protein
of mature molecular weight similar to the short D7 pro-
teins. As—shD7-4 (Table 2) is 84% identical to An. ara-
biensis D7r2 salivary protein, while As—shD7-5 (Table
2) isalmost identical to the previously named short-form
D7 sdivary protein of An. stephensi except that it has
an insert of 19 amino acid residues in the aminoterminal
region. These D7 proteins may play a role in inhibiting
activation of host plasma, as appears to be the case with
hamadarin, or they may have different functions, as in
the case with Rhodnius sdlivary lipocalins, which
evolved different functions (Andersen et al., 2003; Fran-
cischetti et al., 2002a), reflecting most probably a typical
scenario of gene duplication and divergence of function
(Sankoff, 2001).

Consistent with the abundance of cDNA sequencesin
the D7 family of clusters, four bands from SDS-PAGE
experiments separating An. stephensi salivary gland
homogenate proteins produced aminoterminal sequences
matching D7 proteins (Fig. 2). The sequence SPQ...,
found in the 40-kDa region of the gel, matches the pre-
viously reported D7clu2, as well asthe related As—D7b
reported in Table 2. Because this sequence was located
in aregion of the gel corresponding to 40-kDa proteins,
we assume it originated from the D7Clu2 protein, which

has a predicted molecular weight of 35 kDa. The three
remaining aminoterminal sequences match putative pro-
teins of the short D7 family, as follows: sequence
AKK... matches predicted sequences from the abundant
cluster 7, which codes for the previously reported
D7clu5 protein; similarly, sequence GTV... matches
cluster 2, coding for the known short D7 protein from
An. stephensi named D7rl. Sequence RKE... matches
predicted sequences from cluster 16, from which a full-
length clone coding for a novel short D7 protein is
described in Table 2 under the name As—shD7-4. These
three aminoterminal sequences are in the region of the
gel expected for proteins of 15-17 kDa, in accordance
with the predicted molecular weight of these short D7
proteins.

3.3.3. Antigen 5-related proteins

Closely related proteins from this family have been
reported in the salivary glands of Hymenoptera sand flies
(Charlab et al., 1999), tsetse (Li et a., 2001), and mos-
quitoes (Francischetti et al., 2002c; Vaenzuela et d.,
2002c). They belong to a ubiquitous family of extra-
cellular proteins with mostly unknown function
(Schreiber et a., 1997). Two cDNA clusters indicate
similarities to this protein family (Table 1), both being
>65% identical to a putative protein of An. gambiae. A
full-length clone of cluster 20 (As—AGS5; Table 2) is
83% identical to An. gambiae agCP6145 and 78% ident-
ical to the salivary antigen 5-related 1 protein of the
same mosquito. The aminoterminal GKY XRSDLXPR
GGXHV (The X values corresponding to predicted Cys
residues) was found by Edman degradation of a PVDF-
transferred gel band. This sequence is within one residue
of the predicted cleavage site of the signal peptide. The
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Cl no.2 No. of segs® Match to NR protein ~ E vald Best match to CDD® E val Comments'
database®
Mucin-like proteins (threonine rich)®
1 83 SG3 protein 1E-59 Syndecan 2e-009 Threonine rich, As
SG3(*)
18 16 mucin-like protein 0.043 Tryp mucin 2e-006 Similar to Ag mucin like
protein, As hypl3.5(x)
65 2 SG3 protein 1E-27 Herpes gl 3e-004 Similar to Ag SG3
protein
140 1 Low complexity, Thr rich
293 1 aqCP10145 0.0008 Similar to Ag
agCP10145, As
hyp13.5()
D7 proteins
2 55 D7-related 1 protein 2E-90 AsD7rl
24 9 D7-related 1 protein  1E-78 Very similar to As D7rl,
As shD7-5(x)
3 40 long form D7clu2 1E-103 As long form D7clu2
salivary
8 27 long form D7clu2 3E-63 As long form D7clu2, As
salivary D7B(x)
122 1 long form D7clu2 2E-21 As long form D7clu2,
salivary truncated clone?
7 31 short form D7clu5 4E-92 As short form D7clu5
salivary
16 17 short form D7r2 4E-58 Similar to As D7r2, As
shD7-4(*)
129 1 short form D7r2 1E-16 Similar to As D7r2
51 4 D7-related 3 protein  1E-43 Similar to Ag D7r3
113 1 Hamadarin 2E-45 As short form D7club,
hamadarin
Antigen-5 related protein
20 13 Antigen 5-related 1E-102 SCP 2e-029 Similar to Ag antigen 5
protein rell protein, As AG5(x)
112 1 Antigen 5-related 2E-23 SCP 3e-006 Similar to Ag antigen 5
protein rell protein
Similar to previously described salivary An. Gambiae proteins of unknown function 30 kDa allergen
42 4 30 kDa protein 5E-26 MAGE 6e-009 Similar to Ag 30 kDa
protein, As GE(x)
SG1 family of anopheline salivary proteins
59 3 GSG1b protein 5E-27 7tm 1 0.007 Similar to Ag gSG1b, As
SGI1C(*)
29 7 Hypothetical protein  8E-67 Similar to Ag
hypothetical protein, As
SG1D(*)
86 2 Salivary glandl-like 3 4E-12 Similar to Ag sg 1 like 3
protein protein
35 6 SG1 protein 3E-29 Similar to Ag SG1
41 5 SG1 protein 1E-57 Similar to Ag SG1
protein — As SG1B(x)
91 2 Unknown — As SG1A(*)
14 19 Sdlivary glandl-like 3 4E-76 Similar to Ag SG1-like 3
protein protein
40 5 TRIO protein 2E-42 Similar to Ag TRIO
protein, As TRIO(*)
94 1 TRIO protein 1E-34 Similar to Ag TRIO prtn

(continued on next page)
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Table 1 (continued)

Cl no.2 No. of segs” Match to NR protein  E va®

database”

Best match to CDD® E va Comments'

SG2 family of anopheline salivary proteins

Similar to Ag SG1
protein, As SG2B(*)
Similar to Ag gSG2-like
protein, As SG2A(x*)
Similar to Ag gSG2-like
protein

Similar to Ag gSG2-like
protein

Similar to Ag SG2
protein

Similar to Ag SG2
protein

Similar to Ag SG2
protein

Similar to Ag SG2
protein

STT3 2e-004

Similar to Ag gSG5
protein

Similar to Ag gSG6, As
gSG6(*)

Similar to Ag gSG7
Similar to Ag gSG7
protein, As gSG7(x)
Similar to Ag gSG8
protein

Similar to Ag
hypothetical protein, As
hyp8.2(x)

Similar to Ag
hypothetical protein 10,
As hypl0

Similar to Ag
hypothetical protein 12,
As hypl2

Similar to Ag
hypothetical protein 15,
As hypl5

Similar to Ag
hypothetical protein 15

DiHfolate red 0.006

Borrelia orfA 1e-005

Similar to Ag agCP2783,
As hypl6(x)

Similar to Ag
agCP12351, As
hyp37.3(x)

Similar to Ag agCP4078,

As sa lipase(x)
Similar to Ag agCP13847

12 23 SG2 protein — 2E-31
agCP6138
25 8 gSG2 protein — 1E-30
agCP6166
31 6 gSG2 - agCP6166 1E-29
36 5 gSG2 - agCP6166 9E-30
61 2 SG2 protein - 9E-31
agCP6138
93 1 SG2 protein - 2E-31
agCP6138
97 1 SG2 protein - 1E-32
agCP6138
109 1 SG2 protein - 3E-08
agCP6138
Similar to reported salivary hypothetical proteins from An. gambiae (unique to anophelines)
33 6 gSG5 protein 5E-43
4 38 gSG6 protein 3E-42
37 5 gSG7 protein 2E-49
15 18 gSG7 protein 5E-53
34 6 gSG8 protein 8E-55
32 6 hypothetical protein 1E-08
53 3 hypothetical protein 10 1E-12
26 8 hypothetical protein 12 5E-08
30 6 hypothetical protein 15 2E-12
23 10 hypothetical protein 15 3E-12
Similar to An. gambiae proteins not previously described in salivary glands
11 24 agCP2783 4E-55
17 16 agCP12351 8E-49
128 1 agCP4078 7E-50
210 1 agCP13847 3E-84
272 1 agCP5790 1E-37

aminoterminal sequence of As—AG5 was located in the
30-kDa region of the gel, in accordance with the 28-kDa
prediction of the molecular weight of the mature protein.

3.3.4. 30-kDa antigen
This protein was first described in Aedes mosqguitoes
(Simons and Peng, 2001) but is aso found in An. gam-

Similar to Ag agCP5790,
As hyp6.3(*)

biae (Francischetti et al., 2002c). It has along region of
low amino acid complexity, consisting mainly of Gly
and Glu residues. The function of this protein is
unknown.

The sequence ADDTS... was found in a negative
staining band in the gel shown in Fig. 2, in a region
corresponding to 34-kDa retention. This sequence does
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Table 1 (continued)

Cl no.2 No. of segs” Match to NR protein  E va® Best match to CDDe E val Comments'
database®
Enzymes probably linked to anti-hemostatic activities
21 11 peroxidase 0 An peroxidase 2e-045 Sdlivary peroxidase
277 1 Peroxidase 3E-55 An peroxidase 6e-031 Peroxidase, truncated
clone
39 5 apyrase 1E-79 5 nucleotidase 3e-056 Similar to Ag apyrase
79 2 putative 5'- 2E-88 5—nucleotidase le-054 Similar to Ag putative 5'-
nucleotidase nucleotidase, As—sal—
apyrase ()
137 1 apyrase 1E-100 5 nucleotidaseC 2e-028 Similar to Ag apyrase,
truncated clone
252 1 putative 5'- 2E-80 5 nucleotidaseC 3e-040 Similar to Ag putative
nucleotidase 5'nucleotidase, truncated
Serine protease inhibitors
5 38 anophelin 2E-15 ion trans 6e-006 Anophelin, As Anophelin
(%)
10 24 anophelin 2E-15 Transmembrane4 0.006 Anophelin
110 1 Anophelin (low blast
match)
95 1 Chymotrypsin inhibitor 3E-10 TIL 2e-015 Similar to Apis
chymotrypsin inhibitor,
As—protease—inhib(x)
Enzymes linked to sugar meals
6 36 Maltase precursor 0 Aamy 3e-074 Maltase
101 1 Possible maltase L 3E-11 Aamy 2e-011 Maltase, second enzyme
precursor
Possibly related to immunity
9 27 Putative 56.5kD 1E-44 RTX 8e-004 Similar to putative
protein 56.5kDa secreted protein,
As—hyp53.7 (x)
19 14 Lysozyme precursor  2E-68 LYZ1 1e-049 Lysozyme, As lysozyme
(%)
327 1 gram negative binding 3E-39 Gram negative binding
protein protein
330 1 Lectin 4E-38 GLECT 5e-016 Galectin, As hyp21.2(x)
Unknown function or family
139 1 Unknown
171 1 expressed sequence 0.09 Unknown
AW54
284 1 Unknown, As hyp11.9(x)
318 1 Unknown, As hyp13.3(x)
343 1 Unknown
357 1 Unknown

(*) Indicates full length sequence obtained and summarized in Table 2.

a cDNA clones were clustered by the program CAP assembler (Huang, 1992).
® Number of sequenced clones in cluster.
¢ Best protein match by blastX to the non redundant protein database of NCBI.

d Significance of the match.

¢ Best match by RPShlast to the Conserved Domains database.
f As and Ag refer to An. stephensi and An. gambiae.
9 Indicates association of putative translation products with function or families of proteins.

not produce a clear match to any of the trandation pro-
ducts of our database, but closely matches the salivary
30-kDa protein of An. gambiae and may, accordingly,
represent the homologous protein in An. stephensi.

3.3.5. The SG1 family

This family of anopheline salivary proteins, described
as SG1 or gSGL1 proteins (Arcaet al., 1999; Lanfrancotti
et a., 2002), does not yield significant similarities (by
blastp) to other proteins in the NCBI database except
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among its own members. This family aso includes, dis-
tantly, the sdivary An. gambiae TRIO protein
(Francischetti et al., 2002c). Nine cDNA clusters of the
An. stephensi salivary gland library yielded similarities
to An. gambiae proteins annotated as members of the
SG1 family (Table 1). Clusters 40 (with five sequences)
and 94 (one sequence) may represent full-length and
truncated versions of a homologue of An. gambiae sali-
vary TRIO protein (Francischetti et al., 2002c). Simi-
larly, clusters 35 and 41 may represent full-length and
truncated versions of the homologue of An. gambiae
SG1 protein. Five full-length sequences were obtained
from clones belonging to different clusters of this family
of proteins, representing the putative proteins As—
TRIO, As—SG1A, As—SG1B, As—SGI1C, and As—
SGI1D (Table 2). All proteins have a clear signal peptide
indicative of secretion and a predicted mature molecular
weight between 40.9 and 47.5 kDa.

The aminoterminal sequence RPS... was found in a
protein band of the SDS-PAGE experiment reported in
Fig. 2, corresponding to transcripts of the abundant clus-
ter 14, with 19 sequences coding for a protein similar to
An. gambiae described as salivary glandl-like 3 protein.
Another member of the SG1 family is represented in the
experiment reported in Fig. 2, indicated by the aminoter-
minal sequence EEAA. ..., which matches cluster 29 with
seven sequences, and the full-length sequence contained
in As—SG1D. Both aminotermina sequences were
found in the 4648 kDa region of the gel, in agreement
with the expected molecular weights of the mature pro-
teins.

3.3.6. The SG2 family

This family, first described in An. gambiae as SG2,
gSG2, and SG2-like protein (Arca et al., 1999; Lanfran-
cotti et al., 2002) consists of proteins rich in Gly or Asn
residues and having 114-168 amino acid residues. High
similarity matches are only produced among these ano-
pheline proteins; the remaining low-score matches are
obtained only when the BLAST filter for low-complexity
regions is removed. It is interesting that Ixodes scapu-
laris aso contains glycine-rich peptides of equivalent
size (Vaenzuela et al., 2002b). Their function is also
unknown.

The An. stephensi transcriptome produced eight clus-
ters of cDNA sequences having similarity to this protein
family, including two abundant clusters (cluster 12 and
25, with 23 and eight clones each) giving strong simi-
larity to An. gambiae SG2 and gSG2 proteins (Table 1).
Individual clones from these two clusters were fully
sequenced; their putative translated protein properties
are summarised in Table 2. Of the remaining six clusters
shown in Table 1 for SG2 proteins, five are very similar
to either SG2 or gSG2 (clusters 25, 31, 61, 93 and 97),
yielding products with only a few amino acid changes
from the predicted proteins from either cluster 12 or 25,

possibly representing alleles of these genes or, alterna-
tively, sequencing error. Their inclusion in this work
may stimulate those looking for polymorphism in sali-
vary gland proteins of blood-sucking insects (Lanzaro et
a., 1999). Cluster 109, however, is similar to the SG2
protein but lacks predicted amino acids from positions
23-101 and may represent an alternative transcript of the
An. stephensi gene homologue to An. gambiae SG2 pro-
tein.

3.3.7. Hypothetical proteins and glandins apparently
unique to anophelines

Ten abundant cDNA clusters from An. stephensi sali-
vary gland library (containing from 3-38 clones each)
yielded similarities to putative salivary An. gambiae pro-
teins previously described as glandins (Lanfrancotti et
al., 2002) or salivary hypothetical proteins (Francischetti
et a., 2002c). Similar to SG1 and SG2 proteins, these
glandins and hypothetical proteins do not yield signifi-
cant matches to other proteins in the NR protein data-
base. Some of these clusters may represent alelic vari-
ants. Full-length sequence information for six of these
putative proteins from An. stephensi is reported in Table
2. They dl contain signal peptide indicative of secretion
and code for proteins of relatively small molecular
weight, varying from 5-15 kDa Aminotermind
sequence of PVDF-transferred SDS-PAGE protein bands
yielded results matching three proteins in this group,
As—hyp15, As—gSG6, and trandlation products of clus-
ter 37. As—hypl5 has a predicted signal peptide cleav-
age at position 28-29, while the found aminoterminal
GKTN... is a position 33-34. As—gSG6 has a signd
peptide correctly predicted, as indicated by the observed
aminoterminal sequence EKV.... The function of these
short proteins is unknown.

3.3.8. Additional hypothetical proteins not previously
described in mosquito salivary gland transcriptomes,
but similar to predicted An. gambiae proteins

The An. stephensi salivary gland cDNA library
yielded five clusters of sequences similar to predicted
proteins from the An. gambiae genome but not pre-
viously described in salivary gland transcriptomes. Full-
length sequence information is provided for three clones
from these clusters and is represented in Table 2 as As—
hyp37.3, As—hypl6, and As—hyp6.3. These three puta-
tive proteins have predicted signal peptides indicative of
secretion. Of interest, As—hyp6.3, with a predicted
mature molecular weight of 6.3-kDa, has significant
matches to the aminoterminal region of proteins anno-
tated as dehydrogenases. The function of these three
putative proteins is unknown.

An additional clone (As—sa—lipase; Table 2) from
this group was fully sequenced and found to be substan-
tially similar to proteins annotated as triacylglycerol
lipases. The existence of a salivary lipase was not pre-
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viously described in the saliva of blood-feeding insects,
although a phospholipase C with specificity to the phos-
pholipid platelet-activating factor (PAF) was recently
described (Ribeiro and Francischetti, 2001). PAF
hydrolysis by salivary gland homogenates of anophel-
ines was not found in the same work. The presence and
role of the sdlivary lipase of An. stephensi remains to
be investigated.

3.3.9. Enzymes associated with anti-hemostatic
activities

Salivary peroxidases were found in the salivary glands
of anopheline mosguitoes, where they act as vasodilators
(Ribeiro and Valenzuela, 1999; Ribeiro and Nus
senzveig, 1993; Ribeiro et a., 1994). Two cDNA clus-
ters matching An. albimanus salivary peroxidase were
obtained, one of which is a carboxyterminus truncated
clone. These two clusters, representing a total of 12
sequences, predict peptide sequences ~80% identical to
An. gambiae protein ebiP593, which may represent the
salivary peroxidase of this mosquito.

Apyrases are enzymes ubiquitously found in the sali-
vary glands of blood-feeding insects and ticks. These
enzymes, belonging to different protein families,
degrade the neutrophil-inducing substance ATP and the
platelet-aggregating nuclectide ADP to AMP, presum-
ably facilitating blood feeding. Ae. aegypti apyrase is a
member of the 5'-nucleotidase family (Champagne et al.,
1995). In An. gambiae, two such genes are expressed
in the salivary glands and annotated as apyrase and 5'-
nucleotidase; however, both could actually be coding for
proteins with apyrase activity (Arca et al., 1999; Lom-
bardo et al., 2000). An. stephensi salivary cluster 39
codes for a protein having 79% identity with the An.
gambiae salivary apyrase (qi|4582524), while cluster 79
codes for a protein having 80% identity to the An. gam-
biae salivary putative 5'-nucleotidase (gi|4582528). The
other two clusters, containing one sequence each, rep-
resent truncated clones matching the carboxyterminal
region of both above-named gene products. Accordingly,
cluster 39 and 79 code for proteins homologous to An.
gambiae salivary apyrase and putative 5'-nucleotidase,
respectively. In support of the existence of two salivary
apyrases in An. stephensi is the previous finding of two
ATP and ADP, but not AMP, hydrolysing bands visual-
ised in isoelectric focusing gel experiments (Mathews et
al., 1996). Additionally, aminoterminal sequences
matching both putative salivary apyrase gene products
were found in the 60-kDa region of SDS-PAGE gels of
An. stephensi (Fig. 2). The full-length clone of the An.
stephens homologue of An. gambiae @i[4582528 is
reported in Table 2 as As—sal—apyrasel.

3.3.10. Antithrombin (anophelin) and anti-protease
products

The An. stephensi salivary transcriptome has three
cDNA clusters coding for proteins similar to antithrom-

bins of the anophelin family (Vaenzuela et al., 1999).
Close inspection of these clusters (Table 1, clusters 5,
10 and 110) reveals that assembled clusters 5 and 10
have identical nucleotide sequences in their coding
regions and may have been built as two individua clus-
ters due to the presence of sequences having relatively
high number of undetermined nucleotides in the overall
sequence. Cluster 110, a singleton, is a truncated ano-
phelin clone. Both clusters 5 and 10 give matches to an
An. gambiae putative protein sequence and to two An.
gambiae protein sequences, cE5 and F1 (Arca et a.,
1999). An. gambiae sequence F1 appears to be a trunc-
ation of sequence cE5 and not a novel gene product,
while sequence cE5 matches the predicted genomic
sequence. It appears that An. stephensi has a single
highly transcribed anophelin gene homologue (68 total
transcripts in this An. stephensi library). The full-length
putative An. stephensi anophelin peptide (As—ano-
phelin; Table 2) is 49 and 42% identical to the homol-
ogues of An. gambiae and An. albimanus, respectively.
It will be interesting to verify whether anophelin pep-
tides from old world mosquitoes have the same high
affinity to thrombin as An. albimanus anophelin
(Francischetti et al., 1999).

An. stephensi cluster 95 (Table 1) codes for a protein
similar to Apis chymotrypsin inhibitor and could act as
an elastase inhibitor, an activity that would confer antiin-
flammatory activity (Gompertz and Stockley, 2000) or
inhibit blood clotting. The full-length clone (As—pro-
tease—inh; Table 2) predicts a secreted protein with 10
conserved cysteines found in some serine protease
inhibitors and in the procoagulant plasma protein Von
Willebrand factor. This protein has relatively weak simi-
larity (45% identity at the amino acid level) to a pre-
dicted protein of An. gambiae.

3.3.11. Sugar-meal digestion

Mosqguito salivary glands express enzymes such as
maltases (James et al., 1989; Marinotti et al., 1990) that
help sugar-meal digestion. The homologue of the malt-
ase gene of Ae. aegypti (James et a., 1989) was found
in the cluster database (cluster 6, with 36 sequences), as
well as cluster 101, a singleton, coding both for putative
proteins with the Pfam motif for apha-glucosidase
(Table 1). Cluster 101 is not atruncated clone, however,
because it matches unspecified Anopheles and Droso-
phila proteins (~600 amino acid residues long) starting
at amino acid positions 20 or 40. It is possible that An.
stephensi expresses two gene products related to malt-
ases in its salivary glands.

3.3.12. Putative immunity-related products

Lysozyme, an antibacterial enzyme first described as
a mosquito salivary activity in Ae. aegypti (Rossignol
and Lueders, 1986), is associated with the abundant clus-
ter 19, with 14 sequences. Salivary lysozyme may help
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to deter bacterial growth in sugar meals of mosquitoes,
which are stored in the crop. The full-length An—lyso-
zyme is 84% identical to An. gambiae LY C—ANOGA
at the amino acid level (Table 2), and has a signa pep-
tide indicative of secretion.

The abundant cluster 9, with 27 segquences, codes for
a protein with similarity to a salivary protein from Ae.
aegypti described as a putative 56.5-kDa protein
(Valenzuelaet a., 2002c). The full-length sequence from
a clone from this cluster (As—hyp53.7; Table 2) codes
for a protein 33% identical (BLAST E value, 3E-71) to
this Aedes putative protein (gi|18568292). No similar
proteins were found for An. gambiae in two independent
projects searching for salivary proteins in An. gambiae
(Arca et al., 1999; Francischetti et al., 2002c; Lanfran-
cotti et al., 2002), and no similar proteins were found in
the putative proteins from the genome of An. gambiae,
which covers 85% of this mosquito’s genome (Holt et
a., 2002); however, when the protein sequence was
compared to the An. gambiae genome (using the pro-
gram tblastn), a putative protein containing 70% amino
acid a identity was found in the genomic sequence
gbJAAAB01008960.1] spanning as a single exon from
position 7921116 to 7922651, corresponding to amino
acid residues 3-516 in this An. stephensi putative protein
with 516 amino acids. This protein has the Pfam RTX
signature found in cytolytic bacterial toxins and could
act as an antibacteria protein.

Two additional clusters may be involved with salivary
immunity function. These are cluster 327, coding for a
Gram-negative binding protein, and cluster 330, coding
for a galectin. Both of these clusters code for putative
secreted proteins. Expression of the message coding for
the Gram-negative binding protein in mosquito salivary
glands has been described before for An. gambiae
(Dimopoulos et a., 1997) and Ae. aegypti (Vaenzuela
et al., 2002c). The presence of a galectin in any insect
salivaisanovel finding, although salivary glands of ano-
phelines are known to contain hemaglutinating com-
pounds (Gooding, 1972; Metcalf, 1945) that may func-
tion as an adjuvant for immunity reactions (Vasta et a.,
1999) or help blood feeding by concentrating the blood
meal (Vaughan et a., 1991). As—galectin (Table 2) is
81% identical at the amino acid level with a protein of
similar size from An. gambiae (agCP6926).

3.4. Putative messages associated with secretory
products from the U category

Six cDNA singletons code for transcripts predicted to
have a signa peptide indicative of secretion but that
otherwise do not match other known proteins, even when
the BLAST filter to exclude low-complexity sequences
was removed. Full-length cDNA information was
obtained for two of these transcripts, As—hyp13.3 and
As—hypl11.9 (Table 2). Both putative proteins have a

signal peptide indicative of secretion. No similarity to
known proteins was found for either protein. When the
protein sequences were compared to the An. gambiae
genome (using tblastn), they produced matches indicat-
ing these are novel proteins in An. gambiae that have
not been previously annotated. Accordingly, As—
hyp13.3 produces a match of 48% identity at the amino
acid level with the An. gambiae genome sequence
gb|JAAAB01008964.1| from 6017212 to 6017586 corre-
sponding to amino acid residues 17-140 of this 140
amino acid-long protein from An. stephensi. Similarly,
the protein sequence predicted in As—hyp11.9 produces
amatch with 67% identity to the translated An. gambiae
genomic sequence gb|AAAB01029954.1| from 262 to
621, corresponding to amino acid residues 8-128 in this
128-residue predicted An. stephensi protein. Their func-
tion is unknown.

3.5. Description of H category clusters of transcripts

Of the 164 H category clusters in the salivary tran-
scriptome of An. stephensi (Supplemental table), 63 clus-
ters code for proteins involved in protein synthesis
including ribosomal proteins, elongation factors and
transcription—initiation factors. Thirty-five clusters are
associated with energy metabolism, including several
mitochondrial enzymes (cytochromes and ATP
synthases) and enzymes from the glucolysis, glucose-6-P
and Krebs cycle pathways (transaldolase, transketolase,
aconitase and several dehydrogenases). Eleven clusters
are associated with possible transcription factors, includ-
ing imagina tissue growth factor, transcriptional acti-
vators, cellular repressor of E1A-stimulated genes, apro-
duct similar to the D. melanogaster male-specific lethal
which may be involved in differentiation of the female
sdlivary gland and death-associated protein 1. Ten clus-
ters are associated with signal transduction pathways
including small GTPases, calmodulin, protein kinase C
inhibitors, and G proteins; another 10 clusters are asso-
ciated with membrane ATPases involved in ion trans-
port, such as subunits of the V-ATPase and Na* +
K* ATPase, and other membrane proteins of unknown
function. Nine clusters are associated with products
possibly involved in protein folding and export, such as
cyclophylin, thiol reductase, thioredoxin peroxidase,
protein disulphide isomerase, the V-snare protein, and a
translocon protein. Six clusters are associated with cyto-
skeletal proteins, such astroponin, actin, tensin, dynactin
and tubulin. Two clusters are associated with lipid
metabolism, including an apolipophorin similar to the
apolipophorin 11 of the tobacco hornworm Manduca
sexta and a protein with similarity to sterol transporter
and beta-oxidation proteins. Of further interest are clus-
ters coding for products with similarity to enzymes asso-
ciated with protein glycosylation, such as polypeptide N-
acetylgalactosaminyltransferase and mannose-1-phos-
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Table 3
Identity, at amino acid level, between housekeeping and putative secreted salivary proteins of An. stephensi and An. gambiae

Ag sequence Description % identity Match position®

Housekeeping genes

0i|21297563 ribosomal protein S17 100 1-133
0i|21296974 ribosomal protein L19 99 1-154
0i|21287970 ribosomal protein S26 99 1-119
0i|21292099 ribosomal protein S4e 98 1-162
0i|21296658 ribosomal protein S3a 97 1-272
0i[21294671 Actin 5C 96 24-288
0i|21297098 Ribosomal protein S25 96 17-142
0i|21297821 ribosomal protein S20 96 1-135
0i|21293011 60S ribosomal protein L 95 1-146
0i|21302101 ribosomal protein L13a 95 2-168
0i|21296028 ribosomal protein L26 94 3171
0i|21287770 ribosomal protein L27 94 1-127
0i|21288798 ribosomal protein L35 93 1-132
0i|21296878 Thiol reductase 91 6-189
0i|21288144 ribosomal protein L21 91 1-168
0i|21293738 Homolog of Dm RE1810 88 28-217
0i|21299211 ribosomal protein L14 86 33-204
0i|21301822 ribosomal protein L12 85 1-140
0i|21292994 ribosomal protein L11 76 2-187
Average + SD. 93.11 5.93
Salivary gland genes

0i[21300976 Probable mucin 92 11-120
0i[21288705 maltase 88 8-294
0i|2497784 lyzozyme precursor 84 1-140
021300145 D7-related 2 83 4172
0i|21294898 peroxidase 79 79-214
0i|4582528 Putative 5'-nucleotidase 79 19-219
0i|13537666 gSG6 protein 78 1-114
0i|18389883 antigen 5-related 1 78 1-178
0i|21300324 gSG7 70 11-148
0i[21291106 sG7 family 69 11-149
0i|13537674 gSG8 protein 69 5-127
0i|21294389 hypothetical protein 68 7-195
0i]4582524 apyrase 68 27-246
0i|21299164 SG2 protein 65 12122
0i|4538891 D7-related 3 65 5-109
gij4210617 SG2 protein 64 1-114
0i|21298718 SG3 protein 61 13-207
0i|18389893 mucin-like protein 61 18-178
0i]4538887 D7-related 1 protein 60 1-164
0i|21300147 Long D7 57 8-162
0i|13537662 gSG5 protein 51 1-212
0i|18389891 Long D7 50 1-306
0i|21289292 novel protein 50 4-205
0i|121299419 gSG2-like protein 50 9-180
0i|21300288 cE5 protein 49 2-105
0i|121299419 gSG2-like protein 48 9-180
0i21294236 SG1 family 46 118-328
0i|13537664 gSG1b protein a4 6-166
0i|21301831 30 kDa protein 43 7-172
agCP12812 TRIO protein 42 5-176
0i|18873404 Hypothetical protein 40 1-363
0i}4210615 SG1 protein 35 1-153
Average + SD. 62.06 15.40

2 |ndicates amino acid residues in An. gambiae protein matching the An. stephensi homologue.
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phate guanylyltransferase, probably associated with gly-
cosylation of secreted proteins. A cluster coding for a
product with high similarity to alpha-endosulfine—the
endogenous peptide that regulates the ATP-dependent
K* channel—was also found. Finally, a cDNA coding
for a product with similarity to enzymes annotated as
gamma-glutamyl hydrolase suggests production of an
enzyme that could inactivate enzymes involved with
blood clotting; however, no clear signal peptide indica-
tive of secretion was observed, and this cluster was
annotated in the H category.

3.6. Comparison of protein sequence identities
between An. stephensi and An. gambiae gene products

It has been proposed that, in American sand flies,
adult female salivary gland proteins are under strong
selection due to the deleterious effect that host immunity
has on feeding (Lanzaro et al., 1999). It may aso be that
the sdlivary gland genes involved in blood feeding are
rapidly evolving to adapt to a different repertoire of
hosts, although the primary host for both An. gambiae
and An. stephensi is human. To test whether salivary
gland genes are evolving at a faster pace than house-
keeping genes, we compared the degree of identity, at
the translated amino acid level, between category H
(mostly ribosomal gene products) and category S genes.
For this comparison (Table 3), we used the An. gambiae
protein data set recently submitted to NCBI and An. ste-
phensi sequences that originated from two or more
cDNA sequences and that gave >100 amino acid resi-
dues of match to the An. gambiae sequences when these
were compared by blastp with the filter removed. Both
the average and the variance of the two data sets were
very significantly different (P < 0.0001). The H genes
had an average of 93.11 + 5.93% identity, while the S
genes had 62.4 + 15.4 (average + S.D.; averages tested
by t-test with non-equal variances; variances tested by
the F-test). We conclude that the salivary gland genes of
these two anophelines of the Celia subgenus are rapidly
evolving in comparison with housekeeping genes. These
results support the idea that S genes may be good mark-
ers to assess phylogeny between closely related species
as has been demonstrated with closely related Rhodnius
triatomines using the salivary hemeproteins (Soares et
al., 1998; Soares et d., 2000).

4. Final remarks

One striking observation when contemplating hemato-
phagous animal sdivary gland transcriptomes is our
inability to assign a role for most of the gene products.
Expression of these proteins in large amounts and
screening for their possible role in multiple bioassays
will facilitate understanding how these organisms have

adapted to disarm host hemostasis and inflammation, as
was recently done for the D7 protein hamadarin (Isawa
et al., 2002); Ixolaris, the tissue factor pathway inhibitor
of thetick Ixodes scapularis (Francischetti et al., 2002b);
the tick histamine-binding proteins (Paesen et al., 2000);
and Rhodnius biogenic amine-binding protein (Andersen
et a., 2003). Additionally, 18 of the proteins described
in this paper appear to be unique to anopheline mos-
quitoes. These include two highly expressed members of
the SG1 family (Fig. 2) that could be good markers of
anopheline exposure, such as has been accomplished
with ticks (Schwartz et al., 1990) and sand flies (Barral
et al., 2000).
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